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ABSTRACT 


The  term  airglow  is  commonly  used  to  describe  nonthermal 
emissions  not  correlated  with  magnetic  disturbances  in  the  upper 
atmosphere.  The  study  of  this  radiation  provides  information  on 
the  nature  of  the  upper  atmosphere,  as  well  as  clues  to  the  physi¬ 
cal  processes  occurring  at  very  high  altitudes.  The  spectral  re¬ 
gion  below  3000A  is  one  of  the  most  informative  wavelength  inter¬ 
vals,  but  the  opacity  of  the  atmosphere  in  this  part  of  the  spectrum 
prevents  adequate  measurement  of  ultraviolet  emissions  except  by 
rocket  and  satellite"-.  Until  recently,  most  measurements  were 
restricted  to  rocket  flights  at  high  altitudes,  although  a  limited 
amount  of  information  was  obtained  by  several  satellites  in  the 
0G0  series,  in  particular,  0G0“4  (Refs.  1-5) . 

To  obtain  more  information  about  the  earth's  ultraviolet  air- 
glow,  we  undertook  an  investigation  to  measure  the  dark  and  sunlit 
earth  using  the  Wisconsin  Experiment  Package  (WEP)  photometers  of 
the  Orbiting  Astronomical  Observatory  A-2.  The  first  series  of 
measurements  were  concerned  with  the  magnitude  of  the  emitted 
radiation.  Based  on  findings  indicated  by  these  measurements,  we 
began  concentrating  on  measurements  of  the  earth  limb.  The  small 
field  of  view  of  the  WEP  package  has  a  fine  spatial  resolution, 
providing  a  detailed  picture  of  the  ultraviolet  radiation  ir  the 
earth's  limb.  Our  measurements  used  the  2980,  2460,  2380,  1920, 
1500,  1380,  and  1250A  filters  of  the  WEP  stellar  photometers. 

The  measurements  obtained  on  the  earth's  limb  represent  the 
most  complete  coverage  known  to  the  authors.  In  addition,  measure¬ 
ments  in  selected  spectral  regions  provide  the  first  information 
available  on  these  regions  and  confirm  observations  by  previous 
investigators.  Finally,  our  experimental  results  tend  to  substan¬ 
tiate  the  theory  that  the  dayglow  in  the  1300-1800A  region  is 
primarily  due  to  photoelectron  excitation  of  molecular  nitrogen. 
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Airglow  and  auroras  have  been  subjects  of  considerable  re¬ 
search  during  the  past  century.  The  most  comprehensive  analysis 
,glV6n  y  Chamberlain  (Ref.  6),  which  contains  more  than 
1600  references,  compiled  through  1959,  to  the  literature.  Most 
ot  these  references  concern  ground  observations  of  the  visible 
airglow  Due  to  atmospheric  absorption,  however,  measurements  of 
ultraviolet  emissions  of  the  upper  atmosphere  have  been  limited  to 
rocket  and  satellite  observations.  Tables  1-3  summarize  the  im¬ 
portant  ultraviolet  experiments  flown  since  1963. 

'>nnnAThf  m°^  iT^ortan^  features  of  the  earth's  airglow  below 
1°°°  •  h*  Lym:n  alPha  emissions  of  atomic  hydrogen  at  1216A 

and  the  emissions  from  the  1302,  1305,  and  1306A  triplet  of 
atomic  oxygen.  The  Lyman  alpha  emission  is  produced  by  the  reso¬ 
nance  scattering  of  the  Sun's  Lyman  alpha  line,  the  strongest 
emission  line  in  the  solar  spectrum.  Most  of  the  early  rocket 
measurements  (Ref.  7)  concentrated  on  this  particular  feature.  A 
ong  term  study  of  the  Lyman  alpha  corona  was  made  by  the  Naval 
Research  Laboratory  Experiment,  using  OGO‘4  (Ref.  4).  From  these 
measurements,  Meier  developed  a  detailed  description  and  theory 

P  u8e°\C°r0na-  ThG  at°mic  °Xy&en  lines’  including 
h  /nc  1in?Ashave  been  studled  thoroughly  in  the  past  few 
years  (Refs.  8-10).  It  appears  that  these  emissions  of  atomic 
oxygen  are  produced  by  photoelectron  excitation.  This  mechanism 

atSO120rU93?  Pa™dUCmt!.Weaker  emiSSi°nS  fr°'"  “  "ltr°Sen 

loco  uas  !hown  that  the  dorainant  radiation  between 

1358  and  1700A  is  that  due  to  the  Lyman -Birge -Hop fie Id,  the  Birge- 

J ’  and  the  Vergard-Kaplin  bands  of  molecular  nit^gen.  8 

Thlr  Lcal.lnYes tigations  by  Barth  and  by  Green  (Ref.  9)  indicate 
-hat  the  emissions  from  these  bards  appear  to  be  produced  also  by 
P  o  oeiectron  excitation.  The  other  major  feature  of  the  ultra¬ 
violet  dayglow  is  the  gamma  bands  of  nitric  oxide  that  are  observ-d 
in  resonance  fluorescence  (Ref.  11).  “a 

Measurements  of  the  earth's  dayglow  (between  1700  and  3000A) 
•  f?e.very  "e11  w^th  calculations  based  on  Rayleigh  scattering, 
ncludmg  absorption  by  ozone  and  absorption  by  molecular  oxygen 

Wa.have  ladlcated  in  Fig.  1  our  calculation  of  the  earth  dayglow 
which  wouid  result  from  first  order  Rayleigh  scattering  fo/f  * 

P  ncal  atmosphere  in  the  region  between  1000  and  2000A  The 
actual  magnitude  of  the  earth's  dayglow  will  depend  on  the  values 
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Fig.  1  Various  Experimental  Measurements  of  the  Earth's 
Radiance  and  the  Theoretical  Values  Based  on 
Rayleigh  Scattering 


ehosen  for  the  absorption  cross  section  of  molecular  oxygen.  In 
a  ltion,  it  is  necessary  that  a  molecular  oxygen  altitude  profile 
e  used  in  the  calculation.  For  the  calculation  presented  in 
Fig.  1,  we  used  the  ultraviolet  flux  from  the  sun  as  determined  by 

nwer?ffer  ^ef*  12^  5he  absorPtion  coefficients  from  Ditchburn 
f'-T13  •  and  standard  atmosphere  for  the  molecular  oxygen 
distribution.  The  selection  of  other  values  for  the  solar  flux 
and  the  absorption  coefficients  or  the  choice  of  a  different  molecu¬ 
lar  oxygen  distribution  will  tend  to  shift  the  curve  slightly 
higher  or  slightly  lower  but  not  by  a  considerable  amount. 

Tlje  nightglow  below  3000.X.  consists  mainly  of  the  Herzberg 

°f,rieCUi/ari^ySelthat  oc?urs  Primarily  between  2500  and 
3500  (Refs*  7116  2972X  line  of  atomic  oxygen  is  also 

present.  Below  2000^,  the  only  major  radiation  is  that  due  to 

<RefS-  2'7)  and  the  13041  Criplet  °f 

^«-K|Se^rChi°f  thj  literature  for  previous  measurements  of 

S  d*y?low  and  nigbtglow,  we  have  been  unable  to  find  any 
detailed  spatial  measurements  of  the  earth's  limb  in  the  ultra-  7 

^egl?n  bel?w  3000A.  some  mention  has  been  made  of  an 

reported  ^uanti tUf  .e£fect’  but  no  quantitative  measurements  were 
reported.  Quantitative  measurements  are  presented  in  this  report. 
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the  orbiting  astronomical  observatory  a-2 


The  NASA-Goddard/Grumman  Orbiting  Astronomical  Observatory  A-2 
was  launched  7  December  1968,  its  mission  to  make  detailed  ultra¬ 
violet  measurements  of  stars,  galaxies,  and  other  heavenly  Jodies. 

A  set  of  six-gimbal  star  trackers  and  a  system  of  gyros  enable  the 
0A0  to  be  pointed  with  an  accuracy  of  1  minute  of  arc  and  to  hold 
a  pointing  ±15  arc  seconds  once  it  has  been  stabilized.  The  A  2 
is  equipped  with  the  bnithsonian  Astrophysical  Observatory  (SAO) 
package  and  the  Wisconsin  Experiment  Package  (WEP) .  The  SAO  pack¬ 
age  is  designed  to  make  large  field  sky  maps  in  the  ultraviolet, 
and  the  WEP  obtains  precise  photometric  measurements  of  individual 
celestial  objects. 

The  Wisconsin  Experiment  Package  consists  of  seven  instruments 
designed  to  make  ultraviolet  measurements  of  selected  celestial 
objects.  The  package  includes  four  8-inch  telescopes  incorporating 
photoelectric  photometers,  two  scanning  objective  grating  spectrome¬ 
ters,  and  a  16-inch  photometer  that  unfortunately  tailed  after  two 
months  of  operation. 


Each  8-inch  telescope  has  a  five-position  filter  wheel  that 
contains  three  different  interference  filters,  dark  slide,  anv, 
calibration  source.  Each  is  an  off-axis  paratoioid  with  a  focal 
length  of  81  cm  and  an  effective  collecting  area  of  325  cm  . 

The  two  field  stops  available  at  the  focal  plane  have  angle  diame¬ 
ters  of  2  and  10  arc  minutes.  Stellar  photometers  L  and  2 
operate  at  above  1700A,  while  stellar  photometers  3  and  4  cover 
the  spectral  region  between  1200  and  2700A.  The  response  curves 
for  the  given  filter  combinations  utilized  in  the  ultraviolet 
measurements  reported  in  this  investigation  are  shown  in  Fig.  2. 
Photometer  1,  which  contains  the  2980A  filter,  employ  EM  625  B 
photomultipliers.  Photome ter which  contains  the  2460  and 
1920A  filters,  utilizes  an  EMR  541F  photomultiplier,  while  Pho¬ 
tometer  4,  which  has  the  1250,  1380,  and  1500A  filters,  employs 
an  EMR  541G  photomultiplier. 

The  photomultiplier  signal  is  processed  by  a  pulse  counter 
and  a  d.c.  amplifier,  providing  a  digital  and  analog  output, 
both  of  which  are  stored  after  each  exposure.  Exposure  times  of 
1/8,  1,  8,  or  64-second  duration  are  available  by  command. 

Several  modes  of  operation  are  available  to  the  experimenter, 
the  choice  depending  on  the  type  of  investigation  being  conducted. 

The  mode  used  for  most  of  the  airglow  measurements  was  one  in 
which  the  data  sampling  was  controlled  by  the  scanning  spectrometers. 
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Fig.  2  Relative  Response  of  WEP  Filters 
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Filter 

1/8  Sec 
Exposure 
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8  Sec 
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64  Sec 
Exposure 

12  50* 

1.25  x  10-7 

3.14  x  10'8 

1.57  x  10"8 

1.96  x  10-9 

2.5  x  10‘10 

1380* 

6.04  x  10"8 

1.5  x  10 

7.55  x  10'9 

9.40  x  10-10 

1.2  x  10-10 

1500* 

2.89  x  IP"8 

7.24  x  10-9 

3.63  x  10‘9 

4.5  x  10'10 

5.82  x  10'11 

1920* 

7.73  x  10-10 

1.94  x  10‘10 

9.71  x  10-11 

1.22  x  lO'11 

-12 

1.56  x  10 

2380* 

4.03  x  10"10 

1.02  x  10-10 

5.07  31  10-11 

-12 

6.32  x  10  14 

7.94  x  10-13 

2460* 

2.96  x  10‘10 

7.42  x  10-11 

3.70  x  10-11 

4.63  x  10-12 

-13 

5.79  x  10 

2980* 

7.4  x  10-11 

1.87  x  10-11 

9.46  x  10-12 

-12 

1.16  x  10  4 

1.45  x  10-13 

^actual  "  k  ^neasurecP 


D  161-165 
1970 


D  148 
1971 


1250* 

1.58 

2.51 

8.32 

9.12 

10.0 

10.0 

1380* 

1.15 

1.45 

4.37 

5.25 

5.75 

5.75 

1500* 

1.10 

1.20 

1.58 

1.74 

2.09 

2.09 

One  spectrometer  was  commanded  to  perform  two  consecutive  94-step 
scans.  An  8-second  exposure  perr’od  exists  between  the  completion 
of  one  step  and  the  initiation  of  the  next  step.  After  the  expo¬ 
sure,  the  data  from  all  instruments  are  sampled.  The  actual  time 
to  perform  a  step  is  approximately  1  second.  The  exposure  times 
of  the • pho tome  ter s  can  be  selected  to  be  1/8,  1,  or  8  seconds  and 
are  initiated  at  the  beginning  of  an  8-second  spectrometer  exposure. 


Another  mode  of  operation  was  employed  for  the  detailed  mea¬ 
surements  of  the  earth's  limb.  In  this  mode,  the  exposure  time 
for  all  instruments  was  set  at  64  seconds.  However,  each  instru¬ 
ment  was  sampled  at  0.524  second  intervals.  A  total  of  about  2-^ 
minutes  of  data  can  be  stored  in  the  spacecraft's  data  processing 
system  using  this  mode.  When  the  0A0  is  in  real  time  contact  with 
a  ground  station,  this  mode  can  provide  up  to  10  minutes  of  con¬ 
tinuous  data. 

To  obtain  measurements  of  the  earth's  nightglow,  we  found  it 
necessary  to  employ  the  64-second  exposure  mode.  This  particular 
mode  is  the  most  sensitive,  since  the  signals  are  integrated  over 
the  entire  64-second  period.  It  cannot  be  used  during  daylight 
hours  since  the  photometers  would  saturate. 

The  calibration  factors  for  the  various  filters  and  modes  of 
operation  are  given  in  Table  4.  These  factors  were  obtained  from 
calibration  tests  made  prior  to  launch.  Other  tests  have  been 
conducted  in  space  to  validate  the  factors. 

To  appreciate  the  data  and  the  manner  in  which  they  were  ob¬ 
tained,  it  is  necessary  that  the  reader  fully  understand  the  rela¬ 
tion  between  the  0A0  line  of  sight  (LOS)  and  the  relative  position 
of  the  earth.  All  observations  were  made  by  inertially  fixing  the 
0A0  LOS  in  terms  of  right  ascension  and  declination.  This  means 
that  the  0A0  points  at  a  particular  spot  on  the  celestial  sphere. 
The  0A0  is  inertially  stabilized  such  that  it  will  continue  point¬ 
ing  at  that  spot  until  commanded  to  another  position.  Thus,  we 
cannot  command  the  0A0  to  look  at  a  particular  point  on  the  sur¬ 
face  of  the  earth  and  to  follow  that  point  since  this  was  not  the 
original  intent  of  the  0A0.  Once  the  0A0  is  pointed  at  a  particu¬ 
lar  spot  on  the  celestial  sphere,  we  can  obtain  measurements  of 
the  earth's  dayglow,  nightglow,  and  limb  by  exposing  during  the 
time  the  desired  portion  of  the  earth  moves  through  the  field  of 
view  of  the  0A0.  The  position  of  the  0A0  relative  to  the  earth 
during  a  typical  measurement  sequence  is  depicted  in  Fig.  3.  The 
three  positions  of  the  0A0  shown  in  the  il lustra  cion  correspond 
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GEOMETRY  OP  OAOt  ORBIT  7903 


Fig. 


Relative  Position  oT  Earth  and  0A0 
during  Typical  Measurement  Sequence 
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to  the  position  at  the  beginning,  middle,  and  end  of  a  half-hour 
measurement  sequence.  Note  in  the  illustration  that  the  measure¬ 
ments  were  initially  made  of  the  dark  earth,  then  the  sunlit 
portion  of  the  earth,  and  finally  the  sunlit  limb.  Also  note  that 
the  total  amount  of  sunlit  atmosphere  in  the  field  of  view  in- 

asJ;he  eartb  moves  through  the  field  of  view.  Figure  4 
indicates  the  ground  track  of  the  0A0  field  of  view  during  the 
measurements  period.  The  viewing  situation  is  typical  of  those 

fiiTSt  SCt  °f  observations  and  characterizes  the 
manner  in  which  all  measurements  were  made. 
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OAO  MEAW&MENTS 

•  OAO  aee/T  7909  ■■  to  t/VNE  /9TO 


Fig.  4  Ground  Track  of  OAO  Field  of  View 

during  Measurement  Sequence  Depicted 
in  Fig.  3 
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MTA  REDUCTION 


Wisconsin  Experiment  Package  measurements  of  the  earth  airglow 
were  made  at  several  different  times  during  1970-1971.  The  bulk 
of  the  measurements  were  made  over  a  four-day  period  (June  10 
through  June  13,  1970)  on  27  different  orbits.  This  set  of  ob¬ 
servations  was  obtained  by  programming  the  0A0  to  view  a  star, 

Alpha -Leo,  and  to  expose  during  the  time  this  star  was  occulted 
by  the  earth.  Each  measurement  period  was  approximately  30  minutes 
long  and  consisted  of  a  series  of  188  exposures  cf  either  1/8,  1, 
or  8  seconds  duration.  The  experiment  was  operated  in  the  mode  in 
which  the  scanning  spectrometer  controlled  the  sampling  period. 
Figure  4  indicates  the  ground  track  of  orbit  7903  during  the  mea¬ 
surement  period. 

The  variation  of  the  received  radiation  as  the  viewing  area 
scans  across  the  earth  is  indicated  in  Figs.  5-7.  The  received 
radiation  is  given  in  terms  of  the  original  digital  counts  or 
voltage  as  transmitted  from  the  0A0.  Figures  5  and  6  represent 
data  obtained  during  orbit  7903.  Figure  5  indicates  the  radiation 
received  by  the  1250A  photometer  and  Fig.  6  represents  that  re¬ 
ceived  by  the  1920A  photometer.  An  interesting  feature  is  ap¬ 
parent  on  examining  these  two  curves:  radiation  in  the  12 50 A 
regions  appears  to  reach  a  maximum  value  after  the  field  of  view 
has  left  the  surface  of  the  earth.  This  .maximum  occurs  at  a  tan- 
gent  altitude  of  about  175  kilometers.  On  the  other  hand,  the 
1920A  photometer  indicates  that  as  the  field  of  view  moves  off 
the  earth's  surface,  the  radiation  begins  to  decrease  rapidly 
Figure  7  depicts  the  radiation  received  by  the  1500*  photometer 
during  a  later  orbit.  This  radiation  also  peaks  at  a  tangent 
altitude  of  about  175  kilometers. 

The  presence  of  the  peak  in  the  radiation  indicates  that  the 
source  of  radiation  in  the  1200-1600A  region  is  different  from 
that  '.n  che  1900A  region.  The  explanation  and  theoretical  models 
for  these  two  sources  of  radiation  are  given  later.  Also  discussed 
Ln  a  later  section  is  the  method  of  reducing  the  data  to  some  com¬ 
mon  basis  such  that  comparisons  to  other  experimental  results  can 
be  made . 

A  considerable  amount  of  data  was  obtained  on  the  earth  day- 
g  ow,  nightglow,  sunlit  limb,,  and  nighttime  limb.  Samples  of  the 
data  are  presented  later  in  reduced  form.  At  this  point,  it  is 
important  that  the  reader  understand  the  geometry  and  the  method 
of  converting  the  raw  data  into  a  measure  of  the  earth's  radiance. 
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Fig.  5  Received  Radiation  Measured  with  1250A  Filter 


17 


Fig.  6  Received  Radiation  Measured  with  1920*  Filter 


Consider  a  typical  viewing  situation  such  as  showu  in  Fig.  8. 
The  total  received  radiation  is  the  sum  of  the  contributions  from 
each  portion  of  the  atmosphere  along  the  line  of  sight  vector  s 
that  is 


IT(s) 


I  (s— ) 

r 


lr(s=0) 


dl  (s) 
r  7 


(1) 


where  s  =  0  is  the  point  of  intersection  with  the  earth's  sur¬ 
face  and  the  upper  limit  is  at  s  =  *■  if  the  detector  is  outside 
the  atmosphere.  The  increment  dlr(s)  is  the  radiation  received 
from  emissions  originating  at  a  distance,  s,  from  a  layer  of 
atmosphere  of  thickness,  ds.  Assuming  that  the  source  of  radia¬ 
tion  fills  the  field  of  view,  we  have 

AodIr(s)  =  Ae(s)B(s)I(s)T(s)ds  (2) 


A0  «  collecting  area  of  the  optics  (cm2) 

Ae(s)  -  the  area  of  atmosphere  at  a  distance  (s) , 
that  contributes  to  the  received  radiation 

(cm2) 

B(s)  =  the  solid  angle  subtended  by  the  detector 
at  a  distance  s  (steradians) 

T(s)  =  the  transmission  of  the  atmosphere  from  s 
to  the  detector 

I(s)  =  atmospheric  radiance  at  s  (w/cm3-ster) 
Now,  by  definition 


A  (s)B(s)  -  A  a 
e  o 

where 


(3) 


a  -  field  of  view  of  the  detector  (steradians) 
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Hence  the  radiation  received  by  the  detector  from  a  source  at  a 
distance  s,  is 


dlr(s)  =  al(s)T(s)ds  (4) 

Integrating  along  the  line  of  sight,  the  total  received  radiation 
is 


a 


I(s)T(s)ds 


s=0 


(5) 


IB  is  the  equivalent  radiance  of  the  earth  in  w/cm2-ster. 

It  is  dependent  on  the  angle  between  the  LOS  and  the  local  zenith 
and  also  the  position  of  the  sun.  The  earth's  radiance  normally 
is  defined  by  the  situation  when  both  the  LOS  and  the  sun  line  lie 
along  the  local  spacecraft  zenith.  A  method  for  obtaining  this 
particular  value  of  the  radiance  from  the  measured  intensities  is 
discussed  in  the  next  section,  together  with  some  results  of  this 
reduction. 


The  equivalent  radiance  can  be  calculated  from  the  measured 
irradiance  values  and  gives  a  good  indication  of  the  magnitude  of 
the  true  radiance.  Therefore,  all  measurements  have  been  reduced 
to  their  equivalent  radiance.  The  viewing  geometry  and  equivalent 
adiance  for  each  data  sample  have  been  placed  on  computer  cards 

and  tape.  Each  line  of  the  printout  from  the  cards  and  tape  con¬ 
tains 


1)  the  run  number 

T)  a  day  or  night  designation  (D  or  N)  to  indicate 
the  condition  of  the  area  on  the  earth  viewed  at 
the  time  of  the  sample 

3)  the  GMT  time  of  the  measurement  in  days,  hours, 
minutes,  and  seconds 

4)  the  tangent  altitude  (TAN. ALT)  given  in  kilometers 
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5)  the  solar -zenith  angle  (SUN.  ANG),  which  is  the 
angle  between  the  sun  line  and  the  local  vertical 
through  the  earth  at  either  the  intersection  point 
of  the  LOS  with  the  earth's  surface  or  the  tangent 
altitude  point 

6)  the  line_of "sight/zenith  angle  (OBS  ANG),  which  is 
the  angle  between  the  line  of  sight  and  the  local 
vertical  at  the  point  indicated  in  5) 

7)  the  Rayleigh  scattering  angle  (SC^T  ANG) ,  which 
is  the  angle  between  the  LOS  vector  and  the  sun 
line 

8)  the  longitude  (LON)  and  latitude  (LAT)  of  either 
the  intersection  point  of  the  LOS  with  the  earth's 
surface  or  the  tangent  altitude  point 

9)  the  equivalent  radiance  values  from  the  1250, 

1380,  1920,  2380,  2460,  and  2980A  filter  pho¬ 
tometers  of  the  WEP. 

The  data  samples  are  given  at  3 -minute  intervals  when  the 
dark  earth  is  being  observed,  at  1-minute  intervals  for  sunlit  ob¬ 
servations,  and  every  10  seconds  for  measurements  of  the  earth 
limb  when  the  viewing  does  not  intersect  the  earth's  surface.  The 
reduced  data  for  all  meaningful  observations  are  given  in  Table  5. 
This  table  represents  a  computer  printout  of  the  data  stored  on 
magnetic  tape. 
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PRINTOUT  OF  REDUCED  UAO  T,A TA 
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RADIANCE 
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DATA  ANALYSIS 


A  major  problem  in  comparing  various  airglow  measurements  is 
that  of  reducing  the  results  to  some  common  basis  by  eliminating 
the  angular  dependence  of  the  measurements.  The  angles  on  which 
these  measurements  depend  are  the  solar  zenith  angle,  0,  and  the 
line  of  sight  zenith  angle,  V.  The  common  basis  usually  chosen 
for  comparison  is  the  case  in  which  both  of  these  angles  are  zero. 
It  was  shown  in  Eq.  (5)  that  the  total  received  radiation  is  given 

by 


=  a 


I  (s)T(s)  ds 


s=J 


(5) 


According  to  Beer's  law,  the  atmospheric  transmission,  T(s),  can 
be  expressed  as 


T(s) 


exp 


-7. 


o.N. (s) 

l  iv  ' 


(7) 


where 

_  . th 

a.  =  absorption  cross  section  or  the  l 
1  atmospheric  constituent 

N.(s)  =  total  number  of  particles  per  unit  area 
1  of  the  ith  constituent  between  the 

point  s  and  the  detector 


By  definition. 


00 


0 


N.  (s) 


ni(t)dt 

t=s 


(8) 


th 

where  ni(t)  is  the  number  density  of  the  i  constituent  along 
the  line  of  sight  vector. 
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Since  most  atmospheric  quantities  are  expressed  as  functions 
of  altitude  along  the  local  vertical,  we  make  the  transformation 


ds  =  dy  sec  cp 

y 


(9) 


where  q>„  is  the  angle  between  the  line  of  sight  and  the  local 

vertical  at  an  altitude  of  y  kilometers.  The  total  received 
radiation  is  given  by 


IT  =  a 

ai 

i 

I (y)exp 

-3>i 

00 

n^(t)sec  9tdt 

t 

y=0 

i 

t-y 

cp  dy 

y 


(10) 


From  Fig.  8  it  can  be  seen  that 


sec  9 

y 


1 


F  +  y/ 
e  3 


2 

.  2  m 
sin  9 
o 


2 


(11) 


When  the  line  of  sight  does  not  intersect  the  earth,  the 
s  =  0  location  is  taken  to  be  the  tangent  altitude  point.  This 
point  indicates  where  the  line  of  sight  vector  makes  its  closest 
approach  to  the  earth.  In  this  case,  the  total  received  radiation 
can  be  expressed  as 


[•  ]T(y,«>)dy  + 


M[T'(yh'y)  +  T' (yh,~)  Jdy 


where 

[•]  -  al(y)  sec  9y 

y^  =  tangent  altitude 

T'(a,b)  ■=  transmission  of  solar  energy  from  point 
a  to  point  b 


(12) 


and  T'(A,b)  has  the  same  definition  except  that  9t  is  always 
greater  than  90  degrees . 
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In  the  expressions  given  above,  l(y)  is  the  volume  emission 
rate  of  the  atmosphere  at  the  height  y.  This  volume  emission 
rate  can  be  produced  by  several,  phenomena.  For  the  analysis  of 
our  data,  however,  we  believe  that  only  two  sources  of  radiation 
are  important  —  Rayleigh  scattering  and  photoelectron  excitation. 


For  a  Rayleigh  scattering 
(Ref.  6)  and  we  have 


atmosphere,  the  theory  is  well  known 


I(y,A)  =  167  ks(1  +  cos2^)p(y)H(A)T(y,0y)  (13) 

where 


ks  *  Rayleigh  scattering  coefficient  (cm-1) 

f  -  Rayleigh  scattering  angle 

8y  ■  angle  between  the  sun  line  and  the  local 

vertical  at  the  altitude  y 

P(y)  =  total  atmospheric  number  density  at  an 
altitude  h(cm~3) 

H(A)  =  solar  irradiance  at  the  top  of  the  atmo¬ 
sphere  at  the  wavelength  A(w/Cm2) 

T(y^y)  —  transmission  of  the  solar  energy  from  the 
top  of  the  atmosphere  to  the  altitude  y 


i  1 terI"  H(A)T(y^'y)  is  the  araount  of  solar  energy  of  wave 

length  A  that  reaches  an  altitude  y  along  the  slant  path 

described  by  0y.  The  other  term,  kg(l  +  cos2^)p(y), 

describes  how  much  of  this  transmitted  energy  is  electromagneti- 
cally  scattered  along  the  line  of  sight  vector.  6 


W!?en  the  raf nation  is  the  result  of  photoelectron  excitation, 
the  volume  emission  rate  is  theoretically  given  by  (Refs.  9,10) 


!(y>  A) 


HVj/j 

l  j 


(14) 
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where 


k 


=  the  electronic  state  from  which  the 
transition  to  the  ground  state  pro¬ 
duces  radiation  of  wavelength  A 

“  branching  ratio  or  probability  of  a 
transition  from  the  state  j  to  the 
state  k 


=  the  fraction  of  depopulations  of  the 
state  j  that  produces  radiation 


the  rate  of  population  of  the  j1-*1 
state  of  the  species 


th 

The  rate  of  population  of  the  j  state  is  proportional  to 
the  amount  of  energy  lost  during  a  collision  with  a  photoelectron 
of  energy  Ep,  and,  therefore,  is  also  proportional  to  the  number 

of  such  photoelectrons  produced  by  solar  ionization.  Thc.3,  we 
have 


%  *  V  <«> 

Ep>E3 


where 


Q  (y>())  =  production  rate  of  photoelectrons  with 
P  energy  ED 


th 

*  energy  deposited  in  the  j  state 
through  a  collision  with  an  electron 
of  energy  Ep 


The  production  rate  of  photoelectrons  can  be  given  as 


Vy*0)  "I),  au(Vn<(y)H(VeItp 

-y  o 

L>  m 

00 

n  (t)sec  A  dt 
m  t 

i  i- 

m 

y 

(16) 
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where 


a.  »  =  cross  section  for  the  i^1  ionization 
1  state  of  the  species 

i.L 

n^  =  particle  density  of  the  H  species 

Obviously  this  relationship  is  complicated  and  many  of  the 
variables,  such  as  the  absorption  and  collision  cross  sections, 
are  not  known  precisely.  A  complete  investigation  at  this  level 
is  beyond  the  scope  of  this  study.  From  the  limb  measurements, 
we  have  found  that  the  emission  rate  follows  an  altitude  profile 
with  a  peak  near  175  kilometers.  Therefore,  I(y)  can  be  ap¬ 
proximated  by  a  general  distribution  function  of  the  form 


2  (yy  )  /h 

Ky)  =  Ip  +  ‘ 

(y-yJ  /\ 


a  +  e 


) 


(17) 


The  parameters  a,  h,  yp  and  Ip  must  be  adjusted  so  that  the 
predicted  irradiance  matches  th  measured  values. 


The  practical  application  of  the  theories  given  above  can 
only  be  accomplished  with  the  assistance  of  high  speed  electronic 
computers.  For  this  reason,  several  computer  programs  were  de¬ 
vised  in  1970  to  allow  us  adequate  flexibility  in  the  data  analysis. 
In  these  computer  programs,  we  only  consider  atmospheric  absorption 
by  ozone  and  molecular  oxygen.  Table  6  gives  the  parameters  for 
the  various  distributions  (concentrations  versus  altitude,  etc.) 
used  in  the  programs.  These  distributions  represent  a  600‘K 
model  atmosphere  that  matched  the  density  measurements  obtained  by 
Hayes  and  Robles  (Ref.  16)  using  the  WEP.  The  values  of  the  ab¬ 
sorption  coefficients  and  the  solar  flux  used  in  the  programs  were 
obtained  from  published  data  (Refs.  12,13,16).  All  wavelength  de¬ 
pendent  parameters  are  averaged  over  50^  intervals.  The  spectral 
shapes  of  the  WEP  are  also  incorporated  into  the  program. 


Using  the  WEP  filter  curves,  the  expected  outputs  of  the  pho¬ 
tometers  are  calculated  by  averaging  over  the  effective  half 
bandwidths  of  the  filters.  Thus,  if  Sti (*)  is  the  filter  shape 
of  the  filter  on  photometer  i,  then 
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meral  Distribution  Function 


x(y) 


(y-yj  /\ 
fl  +  a^e  P  a 

(y-y J/i>„2 


a  +  e 


p  aN 


Distributions 


LBH  Radiation 


a  =  1.0 


y  -  175  km 
yP 

h  =  25  km 


O2  Density 


y  <  163  km 


.3594 


y  >  163  km 


-  5.9  km 


.9999469 


y  =  0 

yP 

h  =  -  31 


O3  Density 

a  =  0 


y  =  23.5  km 

yP 

h  =  -  4.63 
+  4.63 


y  <  23.5  km 
y  >  23.5  km 


Total  Atmosphere 
y  <  150  km 


y  >  150  km 


a  = 


y  =  U 
h  =  -  7.057 
a  =  -  .99992 


-  62.04 
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Sjj  (*)  IT(^)dX 


(18) 


I 


ij 


A=0 


8 


ij 


5°^  x  £  Si,  (Ak  +  1000&)IT(Ak  +  1000* ) 


(19) 


where 

Bj.  =  the  effective  half  bandwidth  of  the  jth 
filter  of  photometer  i 

Ak  =  50*  intervals 


The  inputs  to  this  particular  program  are  the  tangent  altitude 
and  the  three  angles  <P0  (line  of  sight  zenith  angle),  0Q  (sun 

zenith  angle),  and  ^  (scattering  angle)  all  measured  at  the  earth's 
surface  or  at  the  tangent  altitude  point.  These  quantities  are  pro¬ 
vided  by  another  Grumman  program  that  gives  a  complete  analysis  of 
the  0A0  viewing  geometry  during  the  observation  periods.  The  output 
of  the  program  is  the  expected  irradiance  at  50A  intervals  pro¬ 
duced  by  both  Rayleigh  scattering  and  photoelectron  excitation. 

Also  given  are  the  irradiance  values  expected  to  be  obtained  from 
the  WEP  filter  photometers. 

For  each  measurement  sequence,  a  series  of  theoretical  irradi¬ 
ance  values  was  calculated.  Parameters  in  the  program  were  then 
varied  until  the  theoretically  predicted  sequence  matched  the  mea¬ 
sured  values.  The  irradiance  was  then  calculated  using  these 
parameters  for  the  case  when  both  the  viewing  and  the  solar  zenith 
angles  were  zero.  This  zero-zero  case  is  used  to  compare  the  re¬ 
sults  of  other  experimenters. 

The  variation  of  the  received  radiation  as  the  viewing  area 
scans  across  the  earth  during  a  typical  measurement  sequence  is 
shown  in  Figs.  5“7.  In  each  of  these  sequences,  the  QAO  field  of 
view  initially  moves  across  the  dark  earth  onto  the  sunlit  earth 
and  then  through  the  sunlit  limb  and  onto  the  star.  The  radiation 
increases  rather  sharply  as  the  viewing  moves  across  the  sunlit 
earth.  This  is  the  result  of  the  particular  viewing  geometry 
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associated  with  all  these  observations.  During  this  portion  of 
the  scan,  the  solar  zenith  angle,  6,  was  decreasing  and  the  line 
of  sight  zenith  angle,  q>,  was  increasing  as  shown  in  Fig.  9. 

The  first  effect  means  that  less  solar  radiation  is  absorbed  by 
higher  altitude  constituents.  The  second  effect  results  in  mea¬ 
surements  of  greater  amounts  of  sunlit  atmosphere  as  the  viewing 
moves  across  the  earth.  Measurements  during  this  same  sequence  of 
the  dayglow  in  the  1920&  region  are  shown  in  Fig.  6.  Notice 
that  these  measurements  do  not  show  the  sharp  maximum  in  received 
radiation. 

These  measurements  have  been  reduced  to  the  case  when  both 
the  sun  and  the  line  of  sight  lie  along  the  local  zenith  (6  *  0°, 

<p  =  o°).  This  provides  a  common  basis  from  which  the  WEP  measure¬ 
ments  can  be  compared  to  theoretical  predictions  and  results  of 
other  experiments.  The  radiances  for  this  case,  averaged  over  five 
orbits,  are  plotted  in  Fig.  10  for  each  filter.  Also  shown  are 
the  radiance  values  predicted  by  the  Rayleigh  scattering  calcula¬ 
tion.  Note  that  only  the  values  in  the  vacuum  ultraviolet  are 
shown  since  the  dayglow  saturated  all  WEP  photometers  using  fil¬ 
ters  above  2000^.  Figure  10  shows  that  the  only  measurements 
that  agree  with  the  Rayleigh  scattering  prediction  are  those  in 
the  1920A  spectral  band .  These  measurements  also  agree  with  the 
results  of  Barth  and  Mackey  (Ref.  1)  and  Elliott  et  al.  (Ref.  17). 

The  spectral  region  covered  by  the  1500A  photometer  is  of 
particular  interest.  The  measurements  in  this  region  agree  with 
the  data  from  the  NRL  experiment  on  0G0- 4  and  clearly  indicate  that 
the  very  low  estimate  of  the  earth's  radiance  predicted  by  Rayleigh 
scattering  does  not  exist.  The  high  level  of  radiation  in  the 
1500^  region  is  believed  to  be  the  result  of  electronic  excitation 
of  molecular  nitrogen  by  high  energy  photoelectrons  (>  7  eV) . 

These  photoelectrons  are  produced  from  the  ionization  of  high  al¬ 
titude  atmospheric  constituents  by  the  extreme  ultraviolet  solar 
radiation.  The  principal  emissions  are  from  the  Lyman-Birge- 

Hopfield  (a'lfg  -  x'  2+) ,  Birge  Hopfield  (bVu  -  x'  2+)  and 

Vegard-Kaplan •  (a3  2+  -  x'  2+)  bands  of  molecular  nitrogen.  These 

transitions  produce  radiation  in  the  1350  to  1800A  spectral 
region.  This  mechanism  was  first  considered  theoretically  by 
Barth  and  Green  (Ref.  9)  and  later  by  Dalgarno  et  al.  (Ref.  10). 
Prinz  and  Meier  (Ref.  11)  of  NRL  have  used  some  of  the  more  re¬ 
cent  measurements  of  ionization  cross  sections,  photoelectron  col¬ 
lision  cross  sections,  and  quenching  coefficients  in  determining 
the  expected  emissions  from  this  mechanism.  Their  calculation 
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Fig.  10  Comparison  of  0A0  Measurements  with  Other  Experimental 
Measurements.  Values  are  for  1380A,  1500^,  and  1920^ 
Filters.  Lower  line  represents  the  measured  value  minus 
the  expected  contribution  of  the  1304^  oxygen  line. 

46 


predicts  that  the  columnar  emission  rate  from  this  system  should 
be  6.5  kR  or  3.3  x  10"®  w/cm^-ster-u  between  1350  and  1800^. 
They  also  indicate  that  a  peak  in  the  emission  rate  should  exist 
near  180  kilometers. 

< 

Detailed  measurements  of  the  sunlit  limb  with  the  1500^  fil¬ 
ter  and  using  the  half  second  sampling  mode  of  the  WEP,  are  shown 
in  Fig.  11.  These  measurements  show  a  sharp  peak  in  the  received 
radiation  near  a  tangent  altitude  of  175  kilometers.  Because  of 
the  small  field  of  view  of  the  WEP  photometers,  it  is  reasonable 
to  assume  that  the  volume  emission  rate  also  has  a  maximum  near 
175  kilometers.  The  gaps  in  measurements,  as  shown  in  Fig.  11, 
are  due  to  the  delay  in  the  issuance  of  new  exposure  commands.  It 
should  be  noted  that  part  of  the  radiation  measured  by  the  1500A 
filter  is  due  to  the  emission  from  the  1304^  triplet  of  atomic 
oxygen.  Assuming  that  the  strength  of  this  line  is  approximately 
4  x  10"9  w/ cm2 -s ter  as  measured  by  Barth  and  Schaffner  (Ref.  2), 
then  this  represents  only  4  percent  of  the  measured  energy.  Be¬ 
cause  of  the  near  zero  transmission  of  the  1500A  filter  at  1200^, 
the  Lyman  alpha  emission  of  atomic  hydrogen  also  does  not  contribute 
to  radiation  measured  by  this  filter.  Therefore,  the  only  radiation 
of  significance  is  that  produced  by  tl>e  LBH  bands  of  N2 .  The  vari¬ 
ation  of  the  1500^  radiation  with  tangent  altitude  is  shown  in 
Figs.  12-14.  It  also  should  be  noted  that  the  radiance  value  given 
in  Fig.  10  for  the  150QX  measurements  is  an  approximate  value 
since  the  model  chosen  for  the  nitrogen  emissions  did  not  include 
the  effects  of  the  solar  angle. 

The  measurements  with  the  1920^  filter,  as  mentioned,  agree 
very  well  with  values  predicted  by  the  Rayleigh  scattering  model. 
Results  of  the  measurements  of  the  sunlit  limb  using  this  filter 
are  shown  in  Fig.  15.  It  can  be  seen  that  no  large  peak  in  the 
received  radiation  occurs  as  a  function  of  tangent  altitude  in 
this  wavelength  region. 

The  radiation  measured  by  the  1250^  filter  is  almost  en¬ 
tirely  due  to  the  Lyman  alpha  emissions  of  atomic  hydrogen  at 
12 16 A .  part  of  the  radiation  can  be  attributed  to  the  1304  and 
1356A  lines  of  atomic  01  and  also  to  the  1358A  LBH  band  of 
N2 •  Although  no  detailed  measurements,  using  half  second  sampling, 
of  the  sunlit  limb  were  made  at  1250^,  a  good  picture  of  the 
limb  was  obtained  with  the  Mode  C  measurements.  As  shown  in 
Fig.  16,  the  1250A  radiation  also  shows  a  peak  in  the  received 
radiation  near  175  kilometers.  It  should  be  noted  that  radiation 
in  this  spectral  region  is  very  dependent  on  solar  activity,  ex¬ 
plaining  the  spread  in  measured  values. 
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Fig.  11  1500A  Limb  Measurement 
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Fig.  12  Altitude  Profile  of  1500A  Radiation 
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Fig.  13  Altitude  Profile  of  1500A  Radiation 
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Fig.  15  Altitude  Profile  of  1920s  Radiation 
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The  vacuum  ultraviolet  nightglow  io  barely  a  measurable  fea¬ 
ture.  The  measurements,  using  the  1250A  filter,  show  the  radi¬ 
ance  to  be  independent  of  altitude  with  a  magnitude  of  about 
10* "8  w/cm2  ster-|i,  which  is  slightly  above  the  noise  level  of  the 
photometer.  The  source  of  this  radiation  was  postulated  by  Meier 
(Ref.  4)  to  be  scattered  Lyman  alpha  emission  from  the  sunlit  por¬ 
tions  of  the  upper  atmosphere.  The  output  from  the  1500A  filter 
was  at  the  noise  level  of  the  photometer  for  all  nightglow  measure¬ 
ments.  This  noise  level  is  equivalent  to  an  irradiance  of 
4.8  x  lO”1^  w/cm2-u.  In  the  1920^  region,  the  nightglow  was 
measurable.  The  limb  measurements  showed  a  distinct  altitude  pro¬ 
file  to  the  emission,  as  is  shown  in  Fig.  17,  with  a  peak  in  the 
received  radiation  occurring  at  a  tangent  altitude  of  about 
70  kilometers.  A  similar  spike  in  the  nightglow  was  measured  by 
Stecher  (Ref.  15)  at  1800A.  At  present,  the  source  of  this  radia¬ 
tion  has  not  been  identified.  The  prominent  features  of  the  ultra¬ 
violet  nightglow  occurred  in  the  spectral  region  measured  by  the 
2380  and  2980^  filters.  The  emissions  measured  by  the  2980A 
filter  show  a  sharp  peak  occurring  near  110  kilometers  (Fig.  18) . 
This  maximum  was  also  observed  by  Stecher  (Ref.  15)  and  later  by 
Hennes  (Ref.  14).  Their  rocket  spectrometers  show  the  peak  occur¬ 
ring  near  97  kilometers.  The  spectrum  obtained  by  both  experi¬ 
ments  indicate  that  the  source  of  the  radiation  are  the  Herzberg 
bands  of  molecular  oxygen.  This  band  system  produces  emissions 
between  2500  and  3500* .  The  most  prominent  feature  of  the 
spectrum  is  the  large  maximum  near  3000*  produced  by  the  Herzberg 
(7,4)  and  (5,3)  bands  at  2976  and  2945*  and  by  the  2972A 
line  of  atomic  oxygen.  Figure  19  shows  the  altitude  profile  of 
the  received  radiation  from  the  2380*  filter  and  Fig.  20  shows 
the  radiation  measured  by  the  2460*  filter.  These  measurements 
also  show  a  peak  near  110  kilometers  and,  therefore,  are  probably 
measuring  some  of  the  lower  wavelength  bands  of  the  Herzberg  sys¬ 
tem. 


54 


100 


(uni)  spnq-piV  3uaSuBX 


57 


Fig.  19  Altitude  Profile  of  2380*  Nightglow 


300 


O  O  O  O  O 

m  o  <n  o  in 

CM  CM  r— (  iH 

(u®0  spnrj-pxv  ^uaSuHX 


58 


summary  and  conclusions 


All  earth  background  measurements  made  with  the  OAO  A-2's 
Wisconsin  Experiment  Package  have  been  analyzed  in  terms  of  viewing 
geometry,  and  have  been  converted  to  equivalent  earth's  radiance. 
This  information  has  been  summarized  and  placed  on  a  computer  tape, 
the  printout  of  v/hich  is  given  in  Table  5. 

Samples  of  the  measurements  were  analyzed  every  three  minutes 
when  observing  tie  dark  earth,  every  minute  for  sunlit  observa¬ 
tions,  and  every  10  seconds  for  measurements  of  the  earth's  Hmb. 
The  GMT  time  of  the  measurements,  the  tangent  altitude,  the  6olar, 
viewing,  and  scattering  angles,  the  OAO  and  viewing  intersection 
longitude  and  latitude,  as  well  as  the  reduced  radiance  for  seven 
of  the  filter  combinations,  are  given  for  each  point  analyzed. 

An  analysis  of  the  reduced  data  has  provided  the  following 
conclusions: 

1)  The  dayglow  in  the  1920A  spectral  region  is 
produced  by  the  Rayleigh  scattering  of  solar 
radiation.  No  significant  radiation  is  pro¬ 
duced  above  100  kilometers. 

2)  In  the  1300-1700A  region,  the  measurements 
support  the  theory  that  the  radiation  is  pro¬ 
duced  by  photoelectron  excitation  of  nitrogen 
(N2) .  This  radiation  has  a  peak  in  the  emission 
rate  near  175  kilometers. 

3)  The  nightglow  below  1700A  is  quite  low,  less 
than  1.5  x  10“8  w/cm^-ster-ii.  There  is  some 
radiation  produced  by  an  unknown  source,  present 
in  the  1920A  region.  This  radiation  has  a 
peak  intensity  near  70  kilometers. 

4)  The  prominent  feature  of  the  UV  nightglow  is 
the  radiation  between  2500  and  3000A  that 

is  thought  to  be  the  emissions  from  the  Herzberg 
bands  of  molecular  oxygen.  This  radiation  shows 
a  very  sharp  peak  near  110  kilometers. 

To  complete  the  interpretation  of  these  data,  all  measurements 
should  be  reduced  into  volume  emission  rates,  and  a  detailed  model 
of  the  radiation  mechanisms  should  be  developed.  The  reduction  of 
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^"•8ht?l0W  I?easur®inents  should  be  the  simplest  of  these  tasks. 

involves  inverting  the  limb  measurements  in  a  manner  similar 
to  that  used  by  Robles  and  Hayes  (Ref.  16).  Reduction  of  the 

S  rSTf  18  JT®  col"Pllcated  since  the  volume  emission 
rates  are  dependent  on  the  sun's  position.  The  inversion  is, 

therefore,  not  straightforward.  A  detailed  model  for  the  radiation 

“ri:::;; 8iven  by,Eq- (13)  for  p“««0n 

ud  f  3  comPlete  analysis  of  the  measurements.  Also 
"?®f ed  are  limb  maasurements  at  1250,  1380,  and  2380A  to  com¬ 
plete  the  spectral  picture  of  the  ultraviolet  earth  background 

lngPthe  vearSto  o^aSUrementS  ?h°Uld  be  “de  at  various  el“s  *>r- 
k  y  F  obtain  seasonal  variations  in  atmospheric  emissions 

Most  observations  made  thus  far  with  the  0A0  have  been  in  the 

northern  hemisphere.  Therefore,  additional  measurements  are  re- 

qt^rereof°thGr  nvri°US  ?°rti°nS  °f  the  earth  to  obtain  a  SoE  pic- 
re  of  the  UV  emissions.  It  appears  that  the  best  experiment  for 

vipw  "*eas^ements  wo“ld  be  an  imaging  system  with  a  large  field  of  ■ 
sienifira the  comparabie  resolution  of  the  WEP.  This  would  provide 

background  inf°rraatlon  about  local  and  global  variations  of  the 
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